Psoriasis is a chronic inflammatory skin disease characterized by the infiltration of T cell and other immune cells to the skin in response to injury or autoantigens. Conventional, as well as unconventional, γδ T cells are recruited to the dermis and epidermis by CCL20 and other chemokines. Together with its receptor CCR6, CCL20 plays a critical role in the development of psoriasiform dermatitis in mouse models. We screened a panel of CCL20 variants designed to form dimers stabilized by intermolecular disulfide bonds. A single-atom substitution yielded a CCL20 variant (CCL20 S64C) that acted as a partial agonist for the chemokine receptor CCR6. CCL20 S64C bound CCR6 and induced intracellular calcium release, consistent with G-protein activation, but exhibited minimal chemotactic activity. Instead, CCL20 S64C inhibited CCR6-mediated T cell migration with nominal impact on other chemokine receptor signaling. When given in an IL-23-dependent mouse model for psoriasis, CCL20 S64C prevented psoriatic inflammation and the up-regulation of IL-17A and IL-22. Our results validate CCR6 as a tractable therapeutic target for psoriasis and demonstrate the value of CCL20 S64C as a lead compound. CCL20 | Th17 | psoriasis | protein engineering | X-ray
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CCL20 | Th17 | psoriasis | protein engineering | X-ray P soriasis affects up to 3% of the world's populations, depending on geographic and genetic factors, and is one of the most common autoimmune diseases that affects the skin (1) . There is abundant evidence that the chemokine-receptor pair, CCL20/ CCR6, plays a key role in psoriatic skin inflammation by regulating dendritic and T cell trafficking to sites of injury or infection (2) . In psoriatic inflamed skin, CCL20, an ∼8-kDa chemokine, is abundantly produced by psoriatic keratinocytes and endothelial cells where it binds and activates CCR6, its cognate seventransmembrane G-protein-coupled receptor (GPCR), which is expressed on the surface of migratory immune cells (3) (4) (5) (6) . Mice injected intradermally with IL-23 had high expression levels of CCL20 in the epidermis and increased recruitment of CCR6 + , γδ-low T cells (GDL T cells) that expressed the IL-23 receptor (7, 8) . Moreover, CCR6-deficient mice were highly resistant to IL-23-associated psoriasiform dermatitis compared with wild-type (WT) mice (7) . Recruited GDL T cells expressed substantial levels of critical Th17 cytokines, IL-17A and IL-22, which are recognized biomarkers of psoriatic inflammation (8) . Treatment with proven TNF-α inhibitors is highly effective but risk reactivation of TB (9) . Similarly, new IL-17 inhibitors are effective but are accompanied by increased risk for fungal infection such as mucosal candidiasis (10) . Because a neutralizing anti-CCL20 monoclonal antibody reduced psoriasis-like inflammation in mice (11) , inhibition of CCL20/CCR6-mediated T cell recruitment as a therapeutic strategy in humans may offer a therapeutic option.
Chemokines engage their receptors via an extensive proteinprotein interface that encompasses domains at the extracellular surface and a deep pocket within the transmembrane domain (the orthosteric site) where the chemokine N terminus binds (12) . Native chemokines are balanced GPCR agonists that elicit a combination of intracellular responses, including activation of heterotrimeric G proteins and β-arrestin-mediated signal transduction that culminate in directional cell migration. Inhibition of chemokine signaling by small molecule or peptide antagonists typically blocks GPCR signaling by binding the orthosteric site and preventing activation by the chemokine agonist (13, 14) . However, partial or biased agonists of chemokine receptors, which are characterized by a selective loss of efficacy in certain types of signaling, can also function as potent inhibitors. For example, AOP-RANTES, a chemically modified form of RANTES/CCL5, induces CCR5-mediated calcium signaling but lacks promigratory signaling and has altered receptor recycling (15, 16) . The greater anti-HIV potency of AOP-RANTES relative to native RANTES demonstrated the utility of engineered chemokines with partial agonist activity as alternatives to small-molecule GPCR antagonists for therapeutic development (17) .
Manipulation of a chemokine's oligomeric state can also change its signaling profile in useful ways. Chemokine self-association enhances binding to extracellular matrix glycosaminoglycans, which is essential for in vivo chemokine function (18) , but full GPCR activation is generally attributed only to the monomeric state (19, 20) . NMR and X-ray structures have revealed two conserved types of chemokine dimerization corresponding to the CC and CXC
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subfamilies (21) . Additionally, cell-based assays have shown that CC dimers prevent receptor binding by sequestering residues of the N terminus within the dimer interface (22) . In contrast, the N terminus of a typical CXC dimer remains fully accessible because the dimer interface forms along the β1 strand of opposing subunits. As a result of the CXC dimer conformation, an engineered CXCL1 dimer can bind and activate its receptor CXCR2 with nanomolar potency (23) . We discovered that monomeric and dimeric forms of CXCL12 can each bind and activate the CXCR4 receptor, inducing profoundly different cellular responses (24) . Whereas the CXCL12 monomer is a balanced agonist that promotes chemotactic cell migration, the disulfide-locked CXCL12 dimer is a biased agonist that potently inhibits chemotaxis in vitro and blocks the CXCR4-mediated spread of metastatic cancer cells in vivo (25) (26) (27) .
Since typical CC chemokine dimers are incompatible with highaffinity receptor binding, CCL20 would seem to be an unlikely candidate for engineered dimerization. However, unlike most other CC chemokines, the two published crystal structures of CCL20 show the protein in a CXC-type dimeric arrangement. Based on our work with the disulfide-locked CXCL12 dimer, we speculated that a similar approach could convert CCL20 into a T cell-specific, antiinflammatory agent. Herein, we present the design and construction of a disulfide-linked CCL20 dimer, which binds and activates the chemokine receptor CCR6 but inhibits T cell chemotaxis. We show that the engineered CCL20 dimer reduces disease severity in an IL-23-dependent mouse model of psoriasis. This constitutively dimeric CCL20 molecule may have utility in other types of Th17-mediated inflammation, including autoimmune diseases like rheumatoid arthritis or multiple sclerosis.
Results
Construction of the CCL20 S64C Variant. For chemokines that selfassociate, dimerization is essential for biological function in vivo, and, as a result, engineered monomers and dimers of various CC and CXC chemokines have been used to probe their respective roles in chemokine signaling (18) . The CXC-type dimer observed in two different CCL20 X-ray crystal structures [Protein Data Bank (PDB) ID codes 2HCI and 1M8A] is unusual for a member of the CC chemokine family, and NMR studies indicate that CCL20 selfassociation is relatively weak and pH dependent (28) (29) (30) . To probe the functional activity of the crystallographic CCL20 dimer, we used the protein engineering algorithm Disulfide by Design and visual inspection of the X-ray crystal structure (PDB ID code 2HCI) to design a panel of cysteine substitutions predicted to form intermolecular disulfide bonds (31) . The five CCL20 variants selected for initial experimental testing included two single-cysteine and three double-cysteine substitutions in either the first β-strand (V21C/T24C, G22C/T24C, and F23C) or the α-helix (V60C/V67C and S64C) (Fig.  S1A ). Each variant was expressed in Escherichia coli and refolded. Only one variant, CCL20 S64C, which is predicted to make a symmetric, intermolecular disulfide bond between opposing α-helices (Fig. S1B) , yielded properly folded protein that behaved as a dimer as assessed by SDS/PAGE.
Coinjection of CCL20 WT and CCL20 S64C proteins onto reverse-phase HPLC produced a chromatogram with two distinct peaks (Fig. S1C) . Injection of CCL20 WT or CCL20 S64C alone revealed that the retention times for each protein matched those in the coinjection, and purity of CCL20 S64C was estimated to exceed 99.5%. The intact mass of CCL20 S64C was determined by mass spectrometry to be 16,080.4 Da (Fig. S2) , consistent with the presence of a disulfide bond linking two CCL20 S64C molecules. The oligomeric state of CCL20 S64C was confirmed by SDS/PAGE of disulfide-reduced and nonreduced samples, which migrated at ∼10 and 20 kDa, respectively ( N heteronuclear single-quantum coherence spectrum of CCL20 S64C shows 79 well-dispersed peaks consistent with a homogeneous, folded protein in a pattern that is distinct from CCL20 WT (Fig. S1E) . Based on the biophysical data, we concluded that replacement of serine 64 with cysteine yielded a disulfide-linked symmetric CCL20 homodimer.
X-Ray Crystal Structure of CCL20 S64C. In two previous X-ray structures, CCL20 adopts a CXC-like dimer conformation (29, 30) (Fig. 1A) . We solved the CCL20 S64C structure at 2.0-Å resolution and observed a CXC-type dimer in the asymmetric unit (PDB ID code 5UR7) (Table S1 ). Except for the first four residues of each polypeptide, complete electron density was present throughout, including M70, the C-terminal residue, which was not observed in previous structures. The dimer interface is composed of various intermolecular contacts, including a characteristic pattern of intermolecular hydrogen bonds involving V21, F23, and R25, which link the β1 strands of each subunit to create a six-stranded sheet (Fig.  1B) . The intermolecular disulfide, readily discernable in the electron density, is augmented by specific hydrogen bond and electrostatic contacts between subunits (Fig. 1C) . For example, intermolecular hydrogen bonds are formed between K57 Nζ and K52 Nζ and the backbone carbonyl oxygen from M70 in the opposing subunit.
We also compared the CCL20 S64C crystal structure with the NMR structure of the CCL20 monomer. Superposition of the NMR Fig. 1 . Crystal structure of CCL20 S64C shows a CXC dimer conformation. (A) Previously reported X-ray crystal structures of CCL20 WT (PDB ID codes 2HCI and 1M8A) exhibited the dimeric arrangement common to most CXC chemokines instead of the typical CC dimer interface. (B) Hydrogen bonds linking backbone atoms of the β1 strands define the CXC-type dimer interface and form an intermolecular β-sheet centered at F23. (C) Strong electron density (pink mesh) confirms the formation of the engineered disulfide bond. The carboxyl terminus is stabilized by hydrogen bonds between the K52 and K57 sidechain of one subunit with the backbone carbonyl of M70 of the opposing subunit. (D) Two copies of the CCL20 NMR monomer structure (purple; PDB ID code 2JYO) superimposed on the CCL20 S64C structure (gray/cyan; PDB ID code 5UR7). (E) Canonical receptor binding epitopes (site 1) are structurally conserved between the monomer structure of CCL20 (purple; PDB ID code 2JYO) and dimeric structure of CCL20 S64C (cyan; PDB ID code 5UR7).
structure (PDB ID code 2JYO) on each subunit of the CCL20 S64C dimer (Fig. 1D) shows close agreement for the β-sheet (Cα rmsd = 0.97 Å for residues 10-50). However, the orientation of the helix in the NMR structure is incompatible with the dimer configuration. The CCL20 helix must therefore pivot out of the way to permit dimerization, much like the CXCL12 conformational change described by Veldkamp et al. (32) . In most chemokines, residues of the N-loop and β3 strand form a conserved receptor binding cleft (33) (34) (35) , far from the intermolecular disulfide in the structure of the CCL20 S64C dimer. Side chains of R13, F19, and V47 of CCL20 are predicted to form an analogous binding pocket for the CCR6 N-terminal domain (36) . These residues adopt similar orientations in the monomer and dimer structures, with the R13 amino group pointing into the pocket in close proximity to V47 (Fig. 1E ). This suggests that the CCL20 S64C locked dimer preserves a functional CCR6 recognition site. Taken together, the comparisons with structures of WT CCL20 suggest that CCL20 S64C is likely to bind CCR6, but being locked into the dimeric state may alter its ability to activate the receptor. CCL20 S64C Is a Partial Agonist for CCR6. Some CXC chemokine dimers can bind and activate their receptors, but dimerization of CC chemokines typically blocks binding, rendering them nonfunctional as GPCR agonists (22, 23) . To understand the biological properties of the CCL20 dimer, we compared CCL20 S64C and WT CCL20 for their ability to bind and activate CCR6. Radioligand displacement of 125 I-CCL20 WT on CCR6
+ COS7 cells showed a 10-fold change in affinity between CCL20 WT and CCL20 S64C with K d values of 7.2 and 77.6 nM, respectively ( Fig.  2A) . Next, we evaluated the dimer's ability to activate CCR6 relative to CCL20 WT by measuring intracellular calcium release. In CCR6 + Jurkat cells, both molecules induced CCR6-mediated calcium flux at nanomolar concentrations with CCL20 S64C being ∼10-fold less potent than the unmodified chemokine (Fig. 2B) . As a way to test for Gα i subunit interactions with CCR6, inositol triphosphate (IP 3 ) accumulation was measured in COS-7 cells transfected with the G qi4myr chimeric G protein (37) . Concentrationdependent administration of CCL20 WT and CCL20 S64C on COS-7 cells resulted in CCR6-mediated IP 3 accumulation with EC 50 values of 0.4 and 44.0 nM, respectively. CCL20 WT activation of CCR6 is known to recruit Gα i and is sensitive to pertussis toxin (38) . In agreement with CCL20 WT, treatment of CCR6 + Jurkat cells with pertussis toxin completely blocked CCL20 S64C calcium flux (Fig. S3) . In assays evaluating G-protein signaling, the CCL20 S64C retains the ability to activate CCR6, albeit at higher concentrations than CCL20 WT (Fig. 2C) .
Upon agonist activation of chemokine receptors, G-protein receptor kinases (GRKs) phosphorylate the GPCR cytoplasmic tail and recruit multiple β-arrestin isotypes to the intracellular face of the receptor (39) . We tested the dimer's ability to recruit β-arrestin-2 using a β-galactosidase luminescence assay on transfected U2OS cells (Fig. 2D) . β-Arrestin-2 recruitment to CCR6 was measured in response to CCL20 WT and CCL20 S64C and produced EC 50 values of 1.2 and 72.2 nM, respectively. Similar to IP 3 accumulation, both CCL20 ligands recruit β-arrestin-2 but with large differences in potency. We also evaluated CCR6 internalization in response to CCL20 WT and CCL20 S64C. Jurkat cells were incubated with each protein at concentrations ranging from 70 to 2,100 nM for 30 min, and CCR6 expression at the cell surface was quantified by flow cytometry. Whereas CCL20 WT produced a concentrationdependent change in cell surface CCR6 with a reduction of nearly 70% at the highest dose, CCL20 S64C-induced CCR6 internalization was significantly less efficient at all tested concentrations (∼40% maximum attenuation of cell surface CCR6) (Fig. 2E) .
The CCL20 Locked Dimer Blocks Promigratory Function. Dissociation of G proteins and recruitment of β-arrestin at the chemokine receptor intracellular face produce cellular changes that lead to actin cytoskeleton rearrangement and cell migration (40) . To further measure the dimer's activation of CCR6, we compared the abilities of CCL20 WT and CCL20 S64C to promote cell migration. In a filter-based cell migration assay, CCL20 induced CCR6 + Jurkat cell migration with a typical biphasic concentration dependence and a maximal response observed at 100 nM (EC 50 ∼15 nM) (Fig. 3A) . In contrast, the cell migration response to CCL20 S64C was attenuated by ∼90% with a similar concentration-dependent profile. These results suggest that the disulfidelinked CCL20 dimer retains the ability to bind CCR6 and induce Gα i and β-arrestin-2 signaling but fails to stimulate the full repertoire of CCL20-induced signaling pathways required for efficient cellular chemotaxis. We hypothesized that CCL20 S64C could function as an inhibitor of CCL20-mediated chemotaxis and, therefore, monitored the effect of CCL20 S64C on CCR6 + Jurkat cell migration induced by 30 nM CCL20 WT. CCL20 S64C dose-dependently inhibited chemotaxis with an IC 50 ∼100 nM (Fig. 3B) . Of note, CCL20 S64C did not inhibit THP-1 cell migration mediated by CXCR4 and CCR2, the cognate receptors for chemokines CXCL12 and CCL2, respectively (Fig. 3C) . Taken together, these results indicated that CCL20 S64C inhibits CCL20-induced chemotaxis by binding specifically to the CCR6 receptor rather than interacting directly with CCL20 or by blocking other downstream cell migration signaling pathways.
CCL20 S64C Ameliorates IL-23-Induced Psoriasiform Inflammation.
Based on its ability to block CCL20-mediated cell migration in vitro in a CCR6-specific manner, we speculated that CCL20 S64C could attenuate the inflammation associated with psoriasiform dermatitis in vivo. IL-23 is critical for Th17 cell differentiation, activates Th17 cytokine expression, and stimulates the migration of T cells and other inflammatory cells into the skin following intradermal injections, resulting in psoriasiform epidermal hyperproliferation and dermal inflammation (7, 8) . We injected IL-23 with CCL20 S64C, IL-23 with CCL20 WT, or IL-23 alone into the ear skin of mice and measured ear thickness every other day for 5 d. As expected, mice injected with IL-23 and CCL20 WT or IL-23 alone displayed reproducible ear swelling. Coinjection of CCL20 S64C with IL-23 resulted in a significant reduction in total ear thickness compared with the other groups (Fig. 3D) . The lack of prevention by equimolar amounts of CCL20 WT indicates that the observed effects are due to the disulfide-linked dimeric conformation of CCL20 S64C and not to increased levels of CCL20 in general. Thus, CCL20 S64C effectively prevents IL-23-induced psoriasiform inflammation.
CCL20 S64C Reduces the Recruitment of Inflammatory γδ-Low T Cells.
In the IL-23-induced psoriasis model, γδ-low T cells migrate to the epidermis, produce the cytokines IL-17A and IL-22, and lead to the development of psoriasis symptoms (8) . Histologically, injection with IL-23 alone (or with CCL20 WT protein) resulted in marked epidermal hyperplasia and a dense mixture of mononuclear inflammatory infiltrate (Fig. 4A) . Similar to the reduction in total ear thickening, administration of CCL20 S64C significantly reduced epidermal thickness at the injection site compared with the IL-23-treated mice (Fig. 4B) . In contrast, mice treated with IL-23 and CCL20 S64C showed reduced epidermal hyperplasia and decreased inflammatory cell infiltration, which was comparable to the non-IL-23 control. Thus, CCL20 S64C treatment markedly reduced epidermal hyperplasia and dermal inflammation, two key signatures of psoriasiform dermatitis.
Next, we evaluated the specific effects of CCL20 treatments on T cell trafficking and biomarker expression in the epidermis. Epidermal cell suspensions were stained with monoclonal antibodies against the γδ-T cell receptor (TCR). In murine skin, two distinct populations of γδ-T cells are found in normal, noninflammatory conditions. Under steady-state conditions, cells expressing high levels of the γδ-TCR (dendritic epidermal T cells) are found in much higher numbers relative to low-expressing γδ-TCR cells (41) . In our previous report, we showed that the mice treated with intradermal IL-23 alone showed an increase in epidermal thickness with an accompanying influx of CCR6-positive GDL cells expressing high levels of IL-17A and IL-22, whereas resident γδ-high dendritic T cells in the epidermis expressed low levels of CCR6 (8) . Similarly, the mice treated herein with IL-23 showed an increase in epidermal GDL T cell populations and significant epidermal thickening compared with the non-IL-23 control (P < 0.05) (Fig. 4 C and D) . While injection of 100 nM CCL20 WT resulted in a marked increase in GDL T cells, CCL20 S64C-treated mice showed no increase in epidermal GDL T cell accumulation (Fig. 4 C and D) . These results confirmed our hypothesis that CCL20 S64C, but not CCL20 WT, can block the trafficking of GDL T cells to the epidermis.
To further examine relevant psoriasis biomarker expression levels, we performed RT-PCR analysis of IL-17A and IL-22, which are known to be elevated in the affected skin of human psoriasis (42) . Epidermal cell suspensions from ears treated with IL-23 and CCL20 S64C showed a significant reduction in the expression of IL-22 and IL-17A mRNA compared with IL-23-only treatment or IL-23 and CCL20 WT coadministration (Fig.  S4) . Thus, CCL20 S64C blocked the accumulation of GDL T cells in the epidermis and reduced the expression of key Th17 effector cytokines in the epidermis of treated mice. Discussion CCL20 plays an important role in mucosal immune surveillance by orchestrating the trafficking of CCR6-expressing dendritic and T cells. Inappropriate or prolonged CCL20-mediated recruitment of T cells contributes to various diseases of the skin, including atopic dermatitis (43) and psoriasis, where CCL20 is the most highly upregulated chemokine in active lesions (5) and IL-17A + , CCR6 + T cells are present in greater numbers compared with normal patient samples (44, 45) . Recent studies suggest that CCL20 activation of CCR6 also drives Th17-mediated pathology in nondermatologic contexts, including spinal cord injury (46) and cervical cancer (47) . Because the major clinical need for new therapeutic agents that block CCL20/CCR6 signaling remains unmet, we used the tools of protein design to create an engineered CCL20 molecule with an altered oligomeric state and functional profile. Whereas WT CCL20 promotes chemotaxis of CCR6-expressing cells, the CCL20 locked dimer inhibits chemotaxis and our in vivo studies revealed its striking effects on T cell recruitment. Remarkably, selective functional engineering of CCL20 converts it from a balanced GPCR agonist with promigratory properties to a partial agonist of CCR6 that blocks chemotactic migration and is antiinflammatory in vivo.
While engineered CC-type chemokine dimers [e.g., CCL2 (22) ] cannot bind their cognate GPCRs, disulfide-locked CXCL1 (23), CXCL8 (48) , and CXCL12 (25) dimers retain high affinity for their receptors with varying types of agonist activity. The CXCL12 locked dimer, which activates G-protein signaling but blocks cell migration, is a prototype for new inhibitors that use biased agonism to disrupt pathologic chemokine activity (25) . Like the engineered CXC chemokine dimers studied previously, the CCL20 locked dimer is also a functional GPCR agonist with a CCR6 activation profile that differs from CCL20 WT. While both ligands trigger Ca 2+ mobilization, IP 3 accumulation, β-arrestin-2 recruitment, and ligand-induced receptor internalization, CCL20 S64C exhibited lower efficacy for Ca 2+ mobilization (Fig. 2B ) and less efficient CCR6 internalization at all concentrations tested (Fig. 2E) . Despite the relatively modest differences in their CCR6 activation profiles, CCL20 S64C is minimally chemotactic and inhibits CCR6-mediated migration.
Closely related GPCR ligands with distinct signaling profiles are hypothesized to stabilize different active receptor conformations. For example, Corbisier et al. (49) found that both enantiomers of a small-molecule CCR2 agonist had equal potency and efficacy for Gα oa activation while only one enantiomer induced β-arrestin-2 recruitment. In the context of CCR6 activation, CCL20 S64C acts as a partial agonist for intracellular calcium release (Fig. 2B) , and in the context of cellular migration it is a potent inhibitor. The pattern of phosphorylation by GRKs and subsequent internalization through β-arrestin and clathrin recruitment is now recognized as a means of modulating the downstream signaling response to a chemokine ligand (50, 51) . The CCL20 locked dimer may stimulate a unique GRK-mediated CCR6 phosphorylation profile that recruits β-arrestin-2 but fails to stimulate efficient receptor internalization or chemotactic cell migration. While our results show that CCL20 S64C displaces CCL20 WT from CCR6 ( Fig. 2A) , we acknowledge that in vivo effects could also arise from indirect mechanisms such as functional cross talk observed in the chemokine (52) and GPCR families (53) .
In conclusion, we find that manipulation of the CCL20 oligomeric state via protein engineering subtly shifts its pharmacological profile as a CCR6 agonist with profound consequences for cell migration and inflammation. As first observed for the engineered CXCL12 dimer (24), CCL20 self-association converts the promigration chemokine to an inhibitor of CCR6-mediated chemotaxis. The engineered CCL20 dimer blocked recruitment of CCR6 + T cells to the epidermis, thereby reducing the clinical signs of IL-23-induced psoriasiform dermatitis in mice (11) . Future work will test the engineered CCL20 dimer in a therapeutic model of psoriasis to evaluate its ability to treat established disease. Consequently, we speculate that CCR6-directed intervention using a recombinant protein inhibitor is a promising approach for treatment of psoriasis. Biologic drugs derived from the CCL20 dimer described in this report could also find broad utility in a wide range of Th17-mediated inflammatory and autoimmune diseases such as rheumatoid arthritis, inflammatory bowel disease, and multiple sclerosis. Guided by the utility of engineered CCL20 and CXCL12 dimers, other T cellspecific CXC chemokines (e.g., CXCL10) may be suitable candidates for the development of novel anti-inflammatory agents.
Materials and Methods
Molecular Biology. CCR6 cDNA was cloned into the pcDNA3.1(+) vector (Invitrogen) using sticky end ligation. The CCR6 gene was amplified by PCR without stop codons and ligated into the pCMV-ProLink1 (PK1) vector (DiscoveRx) directly upstream of the PK1 tag for the β-arrestin-2 recruitment assays. See details in SI Materials and Methods.
Protein Crystallization. Purified CCL20 S64C was resuspended in water at a concentration of 16 mg/mL. Crystallization was conducted at 19°C by sitting drop vapor diffusion by mixing equal volumes of the protein with well solution containing 200 mM ammonium acetate, 100 mM Na-HEPES (pH 7.5), and 25% isopropanol (vol/vol). See details in SI Materials and Methods.
Radioligand Displacement Assay.
125 I-CCL20 WT was produced by oxidative iodination using ChloramineT (PerkinElmer), and labeled chemokine was purified and verified by reverse-phase HPLC chromatography, as previously described (54) . See details in SI Materials and Methods. Cytokine Injections into Mouse Ears. All animal experiment protocols were approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee. Intradermal injections of 500 ng of recombinant mouse IL-23 (BioLegend) in 20 μL of PBS were performed into both ears of anesthetized mice every other day for 6 d as described previously (8) . See details in SI Materials and Methods.
Processing of Epidermal Cells from Mouse Ears. After recovery of mouse ears, skin sheets were separated from cartilage and incubated in PBS containing 0.5% trypsin (Affymetrix) for 40 min at 37°C to separate epidermal sheets from dermal sheets. To obtain cell suspensions, epidermal sheets were treated in DMEM (Invitrogen) containing 0.05% DNase I (Sigma-Aldrich) as described (11) .
